Research in contextCMTM6, a type-3 transmembrane protein of previously unknown functions, was recently identified as a critical regulator of PD-L1 in the tumor cells. However, the role of CMTM6 has so far remained unclear in human cancer tissue. To investigate the relationship between CMTM6 expression and clinical practice, we analyzed the molecular and clinical characteristics of CMTM6 expression in large sample-sized glioma. High level of CMTM6 expression was associated with malignant entities. Different CMTM6 expression also indicated diverse genomic aberrations. Moreover, gene ontology analysis revealed that CMTM6 played an important role in the regulation of immune responses and inflammatory activations, especially in modulating suppression of T cell immunity to antitumor. Furthermore, patients with high CMTM6 expression had shorter median survival. These findings suggest that CMTM6 can be served as a novel potential therapeutic target and may facilitate the improvement of the current therapies.Alt-text: Unlabelled Box

1. Introduction {#s0005}
===============

Gliomas are the most common primary malignant tumors of the central nervous system (CNS) in adults \[[@bb0005]\]. Despite advances in comprehensive therapy, such as neurosurgical resection, adjuvant radiotherapy, and alkylating agent temozolomide chemotherapy, patients who suffer from gliomas still have a short median survival time, due to the aggressiveness of tumors, resistance to treatments, and recurrence over time \[[@bb0010]\]. In the past decade, studies on the anticancer immune responses for other tumors have promoted clinical advances in the limited success of conventional therapies \[[@bb0015]\]. Meanwhile, the discovery of CNS lymphatic system has provided a new theoretical basis and opportunity for brain tumor immunotherapy \[[@bb0020]\].

Patients have been observed to benefit upon blockage of the interaction between programmed death-1 (PD-1) and ligand-1 (PD-L1) to inhibit the suppression of T cell immune responses \[[@bb0025]\]. Meanwhile, clinical trials of PD-1/PD-L1 targeting in glioma have been initiated \[[@bb0030]\]. However, the rate of objective response has been \<13% - 56% in the therapies of other tumors with PD-1/PD-L1 inhibitors, while the rate of complete response has been 1% - 16% \[[@bb0035], [@bb0040], [@bb0045], [@bb0050], [@bb0055], [@bb0060], [@bb0065]\]. Hence, the acknowledgment of the molecular regulation of PD-L1 expression is limited.

Recently, two studies reported that CKLF-like MARVEL transmembrane domain containing 6 (CMTM6), a previously unknown protein at the plasma membrane, was identified as a critical regulator of the PD-L1 protein \[[@bb0070], [@bb0075]\]. CMTM6 promotes PD-L1 expression in tumor cells against T cells \[[@bb0075]\]. On the contrary, the depletion of CMTM6 relieves T cell immunosuppression \[[@bb0070]\]. CMTM6, as a new immune checkpoint in tumor-induced immunosuppression, exhibits new avenues to overcome tumor immune escape.

Previous studies published that CMTM6 suppresses T cell activation and the anti-tumor responses in vitro and in mouse melanoma models \[[@bb0070], [@bb0075]\]. However, they did not show the capacitation of CMTM6 expression in neither the whole WHO Grade gliomas nor even the brain tumor. To clarify the CMTM6 status in all gliomas, we gathered RNA-seq data of 325 glioma samples from Chinese Glioma Genome Atlas (CGGA) dataset. Moreover, our findings were verified in RNA-seq data from TCGA network, CGGA microarray, and GSE16011 microarray. In addition, genomic profiles containing somatic mutations and DNA copy numbers were also obtained. This study is the first integrative study characterizing CMTM6 expression in whole grade glioma both molecularly and clinically.

2. Materials and methods {#s0010}
========================

2.1. Data collection {#s0015}
--------------------

This study was approved by Capital Medical University Institutional Review Board (IRB). In CGGA dataset, we collected transcriptome sequencing data of 325 samples generated by Illumina HiSeq platform. Clinical and molecular information was obtained from the CGGA database. The methodology for detecting IDH mutation status was described in the previous study \[[@bb0080]\]. The Cancer Genome Atlas (TCGA) mRNAseq data of 698 gliomas, ranging from WHO grade II to grade IV, and 5 normal brain tissues were downloaded from public databases (<https://portal.gdc.cancer.gov>/). 301 glioma cases were obtained from CGGA microarray dataset, and 276 cases were from GSE16011 cohort. RNA-seq data for specific tumor anatomic structure in GBM, identified by H&E staining, was from Ivy Glioblastoma Atlas Project (ttp://glioblastoma.[alleninstitute.org](http://alleninstitute.org){#ir0010}/).

2.2. Bioinformatic analysis {#s0020}
---------------------------

648 cases with somatic mutations and 690 cases with somatic copy number alternations (CNAs), which corresponded to the cases with RNA-seq data, were downloaded from TCGA database. Copy number alternations associated with CMTM6 expression were analyzed by GISTIC 2.0 \[[@bb0085]\]. The thresholded copy number at alteration peaks were from GISTIC analysis (all_lesions.cof_99.txt file) \[[@bb0090]\]. The biological functions of the related genes were explored by GO analysis in DAVID Bioinformatics Resources 6.8 \[[@bb0095]\]. Gene set variation analysis (GSVA) analysis was described in the previous study \[[@bb0080]\]. After Spearman correlation analysis, gene ontology (GO) analysis of the most correlated genes was constructed by Heatmap. The GO geneset was downloaded from AmiGO 2 Web portal (<http://amigo.geneontology.org/amigo/landing>). Inflammatory related metagenes were described as before \[[@bb0100], [@bb0105]\]. Metagene expression values were performed by calculating the mean of the normalized expression values of all genes in the respective cluster, as described in a previous study \[[@bb0105]\].

2.3. Statistical analysis {#s0025}
-------------------------

Correlations between continuous variables were evaluated by Spearman correlation analysis. The Student *t*-test, one-way ANOVA, or Pearson\'s Chi-squared test was used to assess differences in variables between groups. The survival distributions were described by the Kaplan -- Meier survival curve and the log-rank test was used to test the statistical significance. The prognostic value of CMTM6 was estimated by Univariate and multivariate Cox proportional hazard model analysis. Patients with missing information were excluded from the corresponding analysis. All statistical analyses were performed using IBM SPSS Statistical software (version 24.0, Armonk, NY: IBM Corp) and R project (version 3.4.1, <https://www.r-project.org>/). A *p*-value \<.05 is considered as significant. All statistical tests were two-sided.

3. Results {#s0030}
==========

3.1. Associations of CMTM6 expression with clinical and molecular characteristics in gliomas {#s0035}
--------------------------------------------------------------------------------------------

CMTM6 expression in gliomas was dramatically higher than in normal brain tissues (Supplementary Fig. S1, Supplementary Tables S1 and S2). Gliomas from the RNA-seq and microarray were arranged in order of increasing CMTM6 expression ([Fig. 1](#f0005){ref-type="fig"}A). We found a positive correlation between CMTM6 expression and age at diagnosis in CGGA dataset, TCGA dataset, and CGGA microarray, while a negative association was shown between CMTM6 expression and KPS score in TCGA dataset and CGGA microarray ([Fig. 1](#f0005){ref-type="fig"}A). Although no significant difference was detected between primary gliomas and recurrent gliomas, even in glioblastoma mutilforme (GBM), CMTM6 expression was higher in primary GBM than in secondary GBM in CGGA-microarray cohort (Supplementary Fig. S1B and S1C). Due to the histopathological heterogeneity of glioma, the RNA-sequencing data of glioma were analyzed according to WHO grade system, histology, and IDH mutation status. The expression of CMTM6 was the highest in the glioblastoma (WHO grade IV) compared with WHO grade II and grade III glioma ([Fig. 1](#f0005){ref-type="fig"}B). Besides, CMTM6 expression increased in higher histopathologic malignancies ([Fig. 1](#f0005){ref-type="fig"}C). Meanwhile, according to 2016 WHO classification of tumors in the central nervous system, we divided gliomas into five group including lower-grade glioma (LGG) oligodendroglioma (LGG-Oligo, IDH-mutant LGG with TERT promoter mutation or 1p/19q codeletion), LGG astrocytoma (LGG-Astro, IDH-mutant LGG without TERT promoter mutation or 1p/19q codeletion and with ATRX mutation), LGG with wild-type IDH status (LGG IDH-wildtype), GBM with mutant IDH status (GBM IDH-mutant), and GBM with wild-type IDH status (GBM IDH-wildtype) \[[@bb0005], [@bb0110]\]. CMTM6 expression was highest in GBM IDH-mutant but lowest in LGG-Oligo (Supplementary Fig. S1D). Additionally, the higher expression level of CMTM6 was detected in the gliomas with a wild-type IDH gene ([Fig. 1](#f0005){ref-type="fig"}D; Supplementary Fig. S1E), which plays an essential role in the progression of glioma. Furthermore, we found that the IDH wild-type glioma showed a distinct pattern expression level of CMTM6 from IDH mutation glioma in the different grade (Supplementary Figs. S1F). These findings indicated that the high expression of CMTM6 predicted a high malignant glioma. Then, we also quantified CMTM6 expression in RNA-seq data for specific tumor anatomic structure, identified by H&E staining, from Ivy Glioblastoma Atlas Project (<http://glioblastoma.alleninstitute.org/>). High levels of CMTM6 expression in GBM was enriched in the hyperplastic blood vessels and microvascular proliferation ([Fig. 1](#f0005){ref-type="fig"}E), which are important in the progression of tumors.Fig. 1The landscape of clinical and molecular features in associations with CMTM6 expression. A. Datasets were arranged in order of increasing CMTM6 expression. The relationships between CMTM6 expression and clinical characteristics were evaluated. ns, \*, and \*\*\* indicate no significant difference, *p* \< .05, and *p* \< .001, respectively. B. The expression levels of CMTM6 increased by the WHO grade. \*\*\*, *p* \< .001. C. The expression levels of CMTM6 increased by the histopathologic classification. \*\*\*, p \< .001. D. CMTM6 expression was upregulated in the IDH wild-type gliomas compared with the IDH mutant gliomas. \*\*\*, p \< .001. E. CMTM6 expression was detected in the different location of GBM in IVY GBM database. \*\*\*, p \< .001. F. The CMTM6 expression pattern in the TCGA molecular subtype. ROC curves predicted CMTM6 as a biomarker of mesenchymal subtype glioma. \*\*\*, p \< .001.Fig. 1

Molecular classification provides a fresh perspective to define different patient outcomes based on transcriptomic and genomic dimensions \[[@bb0115]\]. As a result, we investigated the distribution of CMTM6 expression in different molecular subclasses of glioma according to the definition of TCGA network. As shown in [Figs. 1](#f0005){ref-type="fig"}F, CMTM6 was dramatically upregulated in mesenchymal subtype in CGGA dataset as well as in TCGA dataset, compared with other subtypes. Furthermore, ROC curve was used to evaluate the discrimination ability of CMTM6 expression for Mesenchymal subtype in all grade glioma. Surprisingly, the area under the curve of CMTM6 expression were 88.7% and 89.4% in CGGA cohort and TCGA cohort, respectively ([Figs. 1](#f0005){ref-type="fig"}F). These results suggested that CMTM6 may play an important role in the progression of glioma. Meanwhile, CMTM6 may serve as a biomarker for the Mesenchymal subtype.

3.2. CMTM6 expression associates with distinct patterns of genomic alterations {#s0040}
------------------------------------------------------------------------------

To explore the molecular mechanisms in gliomas, somatic mutations and copy number alterations from TCGA database were analyzed. A positive correlation was detected between CMTM6 expression somatic mutations (*R* = 0.2449, *P* \< .001, Supplementary Fig. S2A). Based on the order of increasing CMTM6 expression, cases were classified into two, three, or four groups. Parallel analyses were performed in each kind of grouping to enhance the credibility of our findings. After comparing the frequency of mutations between cases with low and high CMTM6 expression, more somatic mutations were revealed in cases with high CMTM6 expression (1st vs. 2nd half, 8660 vs. 12,154 mutations; 1st vs 3rd tertile, 5504 vs. 8703 mutations; 1st vs. 4th, 4179 vs. 6847 mutations). Mutations in IDH1, CIC, FUBP1, and NOTCH1 were significantly enriched in the cases with low CMTM6 expression ([Fig. 2](#f0010){ref-type="fig"}A; Supplementary Fig. S3; Supplementary Table S3). Meanwhile, high frequency of mutations in EGFR, PTEN, and NF1 was observed in gliomas with high CMTM6 expression ([Fig. 2](#f0010){ref-type="fig"}A; Supplementary Fig. S3; Supplementary Table S3). A significant difference of mutations in TTN, MUC16, FLG, RYR2, LRP2, and SPTA1 was also detected in various conditions of CMTM6 expression.Fig. 2Distinct genomic profiles associated with CMTM6 expression. A. Differential somatic mutations were detected in gliomas with low and high CMTM6 expression. B. The overall CNAs profile in order of increasing CMTM6 expression. C. GISTIC 2.0 amplifications and deletions in gliomas with low and high CMTM6 expression. Chromosomal locations of peaks of significantly recurring focal amplification (red) and deletions (blue) were presented.Fig. 2

Then, somatic copy number alternations were investigated between cases with low CMTM6 expression and cases with high CMTM6 expression. A positive correlation was also observed between CMTM6 expression and CNAs (*R* = 0.2127, *P* \< .001, Supplementary Fig. S2B). Besides, more segment count of CNAs was found in cases with high CMTM6 expression (1st vs. 2nd half, 40,215 vs. 57,547 CNAs; 1st vs 3rd tertile, 25,644 vs. 38,003 CNAs; 1st vs. 4th, 18,672 vs. 28,064 CNAs). As shown in [Fig. 2](#f0010){ref-type="fig"}B, an amplification of Chr 7 accompanied with a deletion of Chr 10 was enriched in gliomas with high CMTM6 expression. Whereas, the incidence of the 1p/19q codeletion, which is a genomic hallmark in oligodendroglioma \[[@bb0005]\], reduced along with increasing of CMTM6 expression in gliomas ([Fig. 2](#f0010){ref-type="fig"}B). GISTIC 2.0 analysis of all gliomas identified 29 significantly reoccurring focal amplifications and 38 deletion events (Supplementary Dataset S1). In the cases with high CMTM6 expression, focal amplification peaks, containing well-characterized driver oncogenes such as PIK3C2B (1q32.1), PDGFRA (4q12), EGFR (7p11.2), and CDK4 (12q14.1), were observed accompanied by a 9p21.3 (CDKN2A and CDKN2B) focal deletion peak ([Fig. 2](#f0010){ref-type="fig"}C; Supplementary Fig. S3). Although a 4q12 peak was also detected in the cases with low CMTM6 expression, the G score was obviously lower than the gliomas with high CMTM6 expression. Meanwhile, significant amplifications showed peaks in 8q23.3 and 16q13.2, while the frequently deleted genomic regions were 2q37.3, 9p21.3, 11p15.5, and 19q13.43 ([Fig. 2](#f0010){ref-type="fig"}C, Supplementary Fig. S3).

3.3. CMTM6 related biological processes {#s0045}
---------------------------------------

According to the aforementioned results, CMTM6 may play an essential role in the biological functions of glioma. To clarify the biological roles of CMTM6 expression in glioma, we selected the 1020 genes and 1690 genes, which were strongly correlated with CMTM6 by Pearson correlation analysis (Pearson \|R\| \> 0.5), in CGGA dataset and TCGA dataset, respectively, to perform a subsequent analysis. Then, the biological functions of the related genes were explored by GO analysis in DAVID Bioinformatics Resources 6.8 \[[@bb0095]\]. We found that the genes, which were positively correlated with CMTM6 expression, were mostly involved in inflammatory response and immune response, when the gene functions were sorted by *p*-value in increasing order in CGGA database ([Fig. 3](#f0015){ref-type="fig"}A). Meanwhile, these results were also verified in the TCGA database ([Fig. 3](#f0015){ref-type="fig"}B). In both CGGA cohort and TCGA cohort, the negatively related genes were involved in normal biological processes such as neurotransmitter secretion, memory, and others (Supplement Figs. S4A and B). In addition, the significantly related genes shared by two datasets were chosen to draw the heat maps (Supplement Figs. S4C and D). As mentioned earlier, the expression of CMTM6 was high in GBM and mesenchymal subtype glioma, and we used the GBM cases to make further investigation. As shown in Supplement Fig. S5, related genes were still involved in inflammatory response and immune response.Fig. 3Gene ontology analysis for CMTM6 in glioma. A, B. Gene ontology analysis of positively related biological process showed that CMTM6 was mostly in inflammatory response and immune response in CGGA and TCGA datasets. C, D. Heatmaps showed that most immune-related genes were positively correlated with CMTM6 expression in CGGA and TCGA datasets, while a small number of genes were negatively associated.Fig. 3

3.4. CMTM6 is related to immune response {#s0050}
----------------------------------------

To clarify the role of CMTM6 in the immune response in glioma, we found the gene sets related to immune responses from the AmiGo 2 Web portal as described previously \[[@bb0080]\]. Then, we chose 314 genes which were most relevant to CMTM6 (Pearson \|R\| \> 0.4) to draw the heat maps. Among these genes, 291 genes were positively correlated with CMTM6 expression, while the number of negatively related genes was 23 ([Figs. 3](#f0015){ref-type="fig"}C and D). Thus, in glioma CMTM6 is positively correlated with most relevant immune responses while negatively correlated with few relevant immune responses.

3.5. CMTM6 is synergistic with other checkpoint members in tumor-induced immune response {#s0055}
----------------------------------------------------------------------------------------

In the recent study, CMTM6 was identified as a critical regulator of PD-L1 \[[@bb0070], [@bb0075]\], which is involved in tumor immunity escapes. Here, PD-L1 is one of the ligands of PD-1, while PD-L2 is the other ligand. CD80, expressed on the surface of activated CD8+ T cells, interacts with PD-L1 to limit antitumor CD8+ T cell response. Therefore, to test this relationship, we performed Pearson correlation analysis with CMTM6, PD-L1, PD-L2, PD-1, and CD80 expression in both CGGA dataset and TCGA dataset. In whole grade gliomas of CGGA cohort, CMTM6 showed high correlation with PD-L2 and CD80, followed by PD-1 and PD-L1 (Supplementary Fig. S6A). We also detected the correlation in low-grade glioma and glioblastoma of CGGA dataset (Supplementary Fig. 6B and C). Furthermore, we observed similar results with whole grade gliomas, which were also verified in TCGA database (Supplementary Fig. S6D, E, and F). This data suggested that CMTM6 was involved in the regulation of PD-1/PD-L1 pathway.

Current studies show that combination therapy with inhibition of immune checkpoints increases the clinical benefit, and pharmacological treatments that target the immune checkpoints molecules are being extensively evaluated in preclinical or clinical studies \[[@bb0120], [@bb0125]\]. To explore the relationship between CMTM6 and immune checkpoints, we also enrolled the additional genes of immune checkpoints, such as CTLA-4, TIM-3, LAG-3, and others, into the analysis. As shown in [Fig. 4](#f0020){ref-type="fig"}, CMTM6 demonstrates a high correlation with TIM-3 and H7-H3 in both whole grade gliomas and low-grade gliomas, and CMTM6 expression is tightly associated with TIM-3 in glioblastomas.Fig. 4Correlation of immune checkpoint members in whole gliomas (A, D), low-grade gliomas (B, E), and GBM (C, F).Fig. 4

3.6. CMTM6 is associated with T cell immunity in glioma {#s0060}
-------------------------------------------------------

CMTM6 is involved in the progression of melanoma, lung cancer, and thyroid cancer cells in the co-culture experiments by inhibiting T cells \[[@bb0070], [@bb0075]\], but it has remained unclear whether CMTM6 plays a same role in the gliomas. To evaluate the relationship between CMTM6 and T cell immune response in gliomas, we performed GSVA analysis ([Fig. 5](#f0025){ref-type="fig"}A and B). We found that CMTM6 was positively correlated with positive regulation of T cell tolerance induction, positive regulation of T cell cytokine production, positive regulation of T cell activation via T cell receptor contact with antigen bound to MHC molecule on antigen presenting cell, and positive regulation of regulatory T cell differentiation. Meanwhile, CMTM6 was negatively associated with regulation of T cell mediated cytotoxicity directed against tumor cell target and positive regulation of cytotoxic T cell differentiation. These results were verified mutually in CGGA and TCGA cohorts. Since CMTM6 is a positive regulator of PD-L1 \[[@bb0075]\], it is possible that CMTM6 may play an important role in inhibiting T cell anti-tumor immunity in gliomas through its positive regulation of PD-L1.Fig. 5CMTM6 related T cell immunity and inflammatory activities in gliomas. A, B. The relationship between CMTM6 and T cell immunity in CGGA and TCGA dataset. ns, \*, and \*\*\* indicate no significant difference, p \< .05, and p \< .001, respectively. C, D. The relationship between CMTM6 and inflammatory activities in CGGA and TCGA dataset. \*\*\*, p \< .001. GO:0002666, positive regulation of T cell tolerance induction. GO:0002726, positive regulation of T cell cytokine production. GO:0002842, positive regulation of T cell mediated immune response to tumor cell. GO:0002852, regulation of T cell mediated cytotoxicity directed against tumor cell target. GO:2001190, positive regulation of T cell activation via T cell receptor contact with antigen bound to MHC molecule on antigen presenting cell. GO:0045591, positive regulation of regulatory T cell differentiation. GO:0002842, positive regulation of cytotoxic T cell differentiation.Fig. 5

3.7. CMTM6 is relevant to inflammatory activities in gliomas {#s0065}
------------------------------------------------------------

Because CMTM6 was also involved in the inflammatory response in gliomas, we analyzed seven metagenes by the method as previously described to clarify the role of CMTM6 in the inflammatory response \[[@bb0070], [@bb0105]\]. As shown in [Fig. 5](#f0025){ref-type="fig"}C and D, CMTM6 expression was positively correlated with HCK, LCK, MHC-I, MHC-II, STAT1, and interferon, while negatively associated with IgG in both CGGA and TCGA databases. These findings indicated that CMTM6 was upregulated in the activating of macrophages, signaling transduction of T cells, and antigen-presenting cells, but negatively associated with B lymphocytes related metagenes. Furthermore, we also confirmed that CMTM6 played important immune and inflammatory functions in gliomas.

3.8. CMTM6 predicts worse survival in gliomas {#s0070}
---------------------------------------------

Since CMTM6 was negatively associated with T cell immune response, we further investigated the prognostic value of CMTM6 by Kaplan -- Meier analysis and Cox proportional hazard model analysis. As shown in [Fig. 6](#f0030){ref-type="fig"}, patients with high CMTM6 expression tumors experienced significantly shorter survival in whole gliomas. Moreover, similar results were also detected in glioma patients of WHO Grade II, WHO Grade III, and WHO Grade IV in both CGGA and TCGA cohorts ([Figs. 6](#f0030){ref-type="fig"}). Survival curves were also depicted in different histopathologic classification (Supplementary Fig. S7), IDH mutant status (Supplementary Fig. S8), and 2016 WHO molecular classification (Supplementary Fig. S9). Patients with gliomas in a high level of CMTM6 expression show inferior outcome, although some subgroups failed to acquire the statistical significance. Furthermore, to explore the clinical prognostic significance of CMTM6 in gliomas, Cox regression analysis was performed. In the Univariate analysis, it showed that CMTM6, age at diagnosis, high WHO Grade, malignant histopathology, and IDH mutations were significantly associated with overall survival in both CGGA and TCGA databases ([Table 1](#t0005){ref-type="table"}). Importantly, CMTM6 was still a significant predictor in both cohorts, after adjusting the age and gender in the multivariate analysis. These results revealed that CMTM6 may facilitate to serve as an indicator for the poor prognosis in glioma due to suppression of T cell immune response to antitumor.Fig. 6Clinical outcome in patients with gliomas in low and high CMTM6 expression. Kaplan -- Meier survival analysis was performed. ns, \*, and \*\*\* indicate no significant difference, p \< .05, and p \< .001, respectively.Fig. 6Table 1Univariate and multivariate cox analyses in gliomas.Table 1FactorCGGA RNA-seq setTCGA RNA-seq setUnivariateMultivariateUnivariateMultivariatesample*P* valueHRP valueHRsampleP valueHRP valueHRAge Increasing years310\<0.0011.0380.9611.000678\<0.0011.066\<0.0011.036Gender Male vs. Female3100.3450.8476780.0611.262WHO Grade Grade II105Ref.Ref.Ref.Ref.222Ref.Ref.Ref.Ref. Grade III67\<0.0015.865\<0.0014.150242\<0.0012.9860.0031.961 Grade IV138\<0.00114.710\<0.00149.383167\<0.00118.593\<0.0014.988Histopathology[a](#tf0005){ref-type="table-fn"}[a](#tf0005){ref-type="table-fn"} Oligodendroglioma39Ref.RefRef.Ref.180Ref.Ref.Ref.Ref. Oligoastrocytoma670.0077.2940.0126.5911160.2621.3220.0431.670 Astrocytoma66\<0.00113.9090.00210.5981680.0081.7740.1021.444 Glioblastoma138\<0.00144.882[b](#tf0010){ref-type="table-fn"}167\<0.00112.726[b](#tf0010){ref-type="table-fn"}TCGA molecular classification Neural76refRefRef.Ref.134Ref.Ref.Ref.Ref. Proneural990.0092.1820.2731.4773450.4240.8430.4500.837 Classical70\<0.0016.1940.4661.28298\<0.0015.3260.2580.733 Mesenchymal65\<0.00110.7930.1691.733114\<0.0016.0230.6990.895Radiation Yes vs. No287\<0.0010.429\<0.0010.454Chemotherapy Yes vs. No2790.0790.852IDH status Mutation vs. wild-type310\<0.0010.2440.2400.702668\<0.0010.117\<0.0010.375CMTM6 Increasing expression310\<0.0011.1050.0131.047678\<0.0011.0880.0301.029[^1][^2]

4. Discussion {#s0075}
=============

Glioma is the most prevalent and lethal primary brain tumors in adults. As a result of the limited improvements of outcome in conventional treatment, including surgical resection, radiotherapy, and chemotherapy, new therapeutic methods are urgently needed. As a novel therapeutic approach in the last decade, immunotherapy, especially the targeting PD-1/PD-L1, has achieved marked success in preclinical or clinical trials of many malignant tumors, such as those of lung cancer \[[@bb0045]\], breast cancer \[[@bb0130]\], renal cancer \[[@bb0065]\], melanoma \[[@bb0035]\], and head and neck cancer \[[@bb0050]\]. Additionally, blocking of PD-1/PD-L1 in glioma has been initiated in clinical studies \[[@bb0030]\]. However, the response rate of treatment via blocking PD-1/PD-L1 has low in the other tumors \[[@bb0035], [@bb0040], [@bb0045], [@bb0050], [@bb0055], [@bb0060], [@bb0065]\], due to less understanding of the molecular mechanism of regulation of PD-1/PD-L1. Recently, two papers have indicated that CMTM6 is a critical regulator of PD-L1 \[[@bb0070], [@bb0075]\]. However, the status of CMTM6 in clinical samples of gliomas and the relationship between CMTM6 and immune responses have been unclear. Identification of the molecular and clinical correlation between CMTM6 expression and immune activities in gliomas will facilitate the establishment of a new therapeutic target and may improve the current therapies.

Here, we analyzed the CMTM6 expression in glioma. The high levels of CMTM6 showed an association with malignant entities, such as high WHO Grade, the IDH wildtype status in gliomas. Besides, CMTM6 was highly enriched in mesenchymal subtype gliomas. Mesenchymal subtype is characterized by mesenchymal differentiation with NF1 mutations, presenting immunosuppression and aggression \[[@bb0115], [@bb0135]\]. Meanwhile, Immunosuppressive cytokines and immune checkpoint inhibitor are enriched in mesenchymal subtype \[[@bb0140]\]. Several studies reported that high PD-L1 expression was observed in the mesenchymal subtype \[[@bb0100], [@bb0145], [@bb0150]\]. Therefore, in mesenchymal subtype glioma, CMTM6 may be activated and be involved in the immunosuppressive microenvironment via its positive regulation of PD-L1 \[[@bb0070]\]. This is the first study to present the expression pattern of CMTM6 in gliomas according to WHO Grade system, TCGA subtypes, or 2016 WHO molecular classifications. Furthermore, unique genomic landscapes have been performed to evaluate the tumor progression as an early event initiating pathogenesis \[[@bb0110], [@bb0155]\]. In this study, we investigated the distinct genomic alternations in order of increasing CMTM6 expression. We observed the events of somatic mutations and CNAs were positively associated with CMTM6 expression. The oncogenic drivers, such as EGFR, PDGFRA, PIK3C2B, and CDK4 were detected high amplification peaks in the cases with high CMTM6 expression \[[@bb0160], [@bb0165]\]. Meanwhile, a deletion peak of CDKN2A and CDKN2B, tumor suppressor genes, was also observed in the gliomas with high CMTM6 expression \[[@bb0170]\]. In addition, genomic alternations and heterogeneity may contribute to transforming the tumor microenvironment, promoting the progression of tumor and the resistance to therapies \[[@bb0165]\]. These findings suggested that CMTM6 expression was associated with the malignant biological process. Exploring and revealing the mechanism of CMTM6 in glioma may develop the therapeutic approaches to overcome this disease.

In the gene ontology analysis of the biological functions of CMTM6, we found that CMTM6 plays an important role in inflammatory activities and immune responses in whole gliomas, especially in glioblastoma. The correlation between CMTM6 and other immune checkpoints also suggested that CMTM6 may play a suppressive role in the anti-tumor immune responses. Moreover, CMTM6 was expressed synergistically with PD-1, PD-L1, PD-L2, and CD80, which is involved in the regulation of PD-1/PD-L1 pathway. From previous works, CMTM6 has been shown to enhance the PD-L1 protein stability and protect PD-L1 from being targeted for lysosomal degradation \[[@bb0070], [@bb0075]\]. PD-1, as a major negative immune regulator, is involved in controlling T cell activation, T cell exhaustion, T cell tolerance, and resolution of inflammation \[[@bb0175]\]. Meanwhile, PD-L1 expression is significantly upregulated in high-grade gliomas \[[@bb0100]\]. High levels of PD-L1 expression on tumors limits the host immune responses via ligation of PD-1 on cytotoxic T cells \[[@bb0180]\]. However, depletion of CMTM6, via the reduction of PD-L1, significantly enhanced T cell activation ex vivo and in vivo \[[@bb0070]\]. In our depth analysis of special immune functions of CMTM6 in gliomas from clinical databases, we found that CMTM6 was positively associated with regulation of T cell tolerance induction, T cell cytokine production, and regulatory T cell differentiation, while negatively correlated with regulation of cytotoxic T cell differentiation. Collectively, the special effect of CMTM6 demonstrate that CMTM6 functions as an important immune checkpoint inhibitor by modulating T-lymphocyte-mediated anti-tumor immunity. In addition, CMTM6 was also involved in inflammatory reaction to promote the progression in gliomas, via activation of tumor-associated macrophage and dysfunctional T cells \[[@bb0080], [@bb0105], [@bb0185]\]. Thus, CMTM6 was suggested to be a potential target of the immunotherapy for gliomas.

Critically, a high level of CMTM6 was associated with a poor prognosis. High CMTM6 expression predicted significantly worse survival in each database. Importantly, this prognostic value was also observed in GBM patients, which were referred to poor outcome. Meanwhile, we found that the CMTM6 expression was shown positively related to T cell tolerance induction and regulatory T cell differentiation. Besides, T cell exhaustion and an excessive number of regulatory T cells contribute to the immunosuppression of GBM patients and lead to a poor prognosis and shorter survival \[[@bb0185], [@bb0190]\]. As a result, CMTM6 may serve as a potential prognostic predictor for glioma patients.

Cancer immunotherapy has shown the potential benefits of cancer therapy, such as advanced metastatic cancer, specifically melanoma and renal cell carcinoma \[[@bb0195]\]. After immune checkpoint inhibitors achieve excellent results initial preclinical proof-of-principle studies, the strategy moved to the clinical evaluation \[[@bb0195], [@bb0200]\]. Besides, the antibody, targeting cytotoxic T lymphocyte antigen 4 (CTLA-4), has been approved for clinical treatment of cancer \[[@bb0205]\]. In addition, the clinical trials of immune checkpoint blockades for gliomas, such as anti-PD-1 ([NCT02359565](NCT02359565){#ir0030}), anti-PD-L1 ([NCT02794883](NCT02794883){#ir0035}), anti-CTLA-4 ([NCT03233152](NCT03233152){#ir0040}), and anti-lymphocyte activation gene 3 protein (LAG3, [NCT02658981](NCT02658981){#ir0045}), are ongoing. Moreover, the combination of immune checkpoint inhibitors has shown higher response rates and longer survival in patients with advanced melanoma, even brain metastases \[[@bb0035], [@bb0210]\]. As a key regulator of PD-1/PD-L1 pathways, our findings indicated that CMTM6 showed a desirable correlation with other immune checkpoints. Thus, it is suggested that combined anti-CMTM6 with other immune checkpoint blockades may be a novel approach for glioma treatments. However, we recognize that the current evidence is correlative. Future studies are necessary to demonstrate that inhibiting CMTM6 can reduce the tumor growth and extend the survival of gliomas.

Our findings indicated that CMTM6 may serve as an important biomarker in gliomas including the tumor mutational profile, genomic, histologic and clinical features. The biological significances of CMTM6 were investigated by the use of large sample-sized glioma cohorts. As a key regulator of T lymphocyte-mediated anti-tumor immunity, CMTM6 expression in cellular components within the tumor microenvironment and the immunoregulatory role of CMTM6 need to be addressed in further studies. Among limitations, the elevated expression induction of CMTM6 can help to explain why high-grade glioma are refractory to immunotherapy, but the mechanism by which CMTM6 is upregulated in malignant glioma remains to be understood. CMTM6 is a new gene, little is known about its transcriptional or non-transcriptional regulation.

Taken together, through transcriptomic and genomic profiling data, we found that CMTM6 was upregulated in high malignant glioma, and was synergistic with other immune checkpoint inhibitors. Moreover, CMTM6 was involved in T cell activation and antitumor immunity. Finally, CMTM6 was revealed to be correlated with the clinical outcome of glioma patients. These findings establish CMTM6 as a novel potential target to enhance the anticancer therapies.
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Appendix A. Supplementary data {#s0095}
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Supplementary figuresSupplementary Fig. S1 Clinical and molecular features in associations with CMTM6 expression. A. CMTM6 expression in normal brain tissues and gliomas. \*\*\*, *p* \< .001. B. MTM6 expression in normal brain tissues and gliomas. C. CMTM6 expression in primary GBM, recurrent GBM, and secondary GBM. \*\*\*, p \< .001. D. CMTM6 expression in 2016 WHO molecular classification. \*, and \*\*\* indicate *p* \< .05, and p \< .001, respectively. E. ROC curve analysis showed that CMTM6 had 78.2% and 86.7% sensitivity and specificity to predict IDH wild-type state glioma in CGGA and TCGA database respectively. F. CMTM6 expression across IDH state in different WHO grades. \*, and \*\*\* indicate p \< .05, and p \< .001, respectively.Supplementary Fig S2 Correlation between CMTM6 expression and somatic mutations and CNAs. High CMTM5 expression predicted more somatic mutations (A) and CNAs (B).Supplementary Fig S3 Distinct somatic mutation and CNAs profiles associated with CMTM6 expression.Supplementary Fig S4 Gene ontology analysis for CMTM6 in glioma. A, B. Gene ontology analysis of CMTM6 negatively related biological process in CGGA and TCGA datasets. C, D. Heatmaps of gene ontology analysis for CMTM6 in gliomas in CGGA and TCGA datasets.Supplementary Fig S5 Gene ontology analysis for CMTM6 in GBM. A, B. Gene ontology analysis showed that CMTM6 was mostly in inflammatory response and immune response in GBM.Supplementary Fig S6 Correlation of PD-L1 homologs and family members in whole gliomas (A, D), low-grade gliomas (B, E), and GBM (C, F).Supplementary Fig S7 Clinical outcome in different histopathologic classification. ns, \*, and \*\*\* indicate no significant, p \< .05, and *p* \< .005, respectively.Supplementary Fig S8 Clinical outcome in different IDH mutant status. \*, and \*\*\* indicate p \< .05, and p \< .005, respectively.Supplementary Fig S9 Clinical outcome in 2016 WHO molecular classification. ns and \*\*\* indicate no significant and p \< .005, respectively.Image 1Supplementary tablesTable S1 Clinical and molecular characteristics of patients included in this study.Table S2 The information of the location in IVY GBM dataset.Table S3 Genomic aberrations with different frequency between cases with lower and higher CMTM6 expressionImage 2Supplementary datasetThe alteration of peaks of CNAs in gliomas with different CMTM6 expression.Image 3
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[^1]: Degree of freedom reduced because of constant or linearly dependent covariates.

[^2]: Constant or Linearly Dependent Covariates Glioblastoma = Grade IV.
